Pavement construction is one of the most costly parts of transportation infrastructures. Incommensurate design and construction of pavements, in addition to the loss of the initial investment, would impose indirect costs to the road users and reduce road safety. This paper aims to propose an optimization model to determine the optimal configuration as well as the optimum thickness of different pavement layers based on the Iran Highway Asphalt Paving Code Number 234 (IHAP Code 234). After developing the optimization model, the optimum thickness of pavement layers for secondary rural roads, major rural roads, and freeways was determined based on the recommended prices in "Basic Price List for Road, Runway and Railway" of Iran in 2015 and several charts were developed to determine the optimum thickness of pavement layers including asphalt concrete, granular base, and granular subbase with respect to road classification, design traffic, and resilient modulus of subgrade. Design charts confirm that in the current situation (material prices in 2015), application of asphalt treated layer in pavement structure is not cost effective. Also it was shown that, with increasing the strength of subgrade soil, the subbase layer may be removed from the optimum structure of pavement.
Introduction
Surface transportation is the most widely used mode of transportation, and pavements are an essential part of roads, streets, and parking lots in all over the world. The development of a country is often judged in terms of its total paved road. Like other engineered structures, designed pavements are expected to be adequately strong and durable for their design life. They are expected to function properly by providing a smooth traveling surface for the traffic under various conditions of the environment. In order to ensure this, pavements must be designed, constructed, maintained, and managed properly [1] .
Pavements can be mainly classified into flexible and rigid pavements. The wearing layer, which is in contact with the traffic, is an asphalt mix in case of flexible pavements and Portland cement concrete in case of rigid pavements.
Methods for design of flexible pavements can be classified into five main categories as follows [2] :
(1) empirical method with or without a soil strength test, (2) limiting shear failure method, The concept of mechanistic-empirical pavement design was firstly introduced in the 1960s [3, 4] . This method is used nowadays by many countries and institutions for the design of flexible pavements [5] [6] [7] [8] [9] [10] [11] . However, due to the need for equipped labs and because extensive research is still needed for the use of mechanistic-empirical method, only empirical methods are used for pavement design in many countries [12] [13] [14] [15] . Flexible pavements design in Iran commonly is accomplished by method presented in Iranian Highway Asphalt Paving Code Number 234 (IHAP Code 234). This method is categorized as a regression method and has been adopted with minor changes from AASHTO 1993 pavement design method. Flexible pavement design, using AASHTO method, is based on studies and tests that AASHTO carried out in Ottawa and Illinois between the years 1958 and 1960.
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The first AASHTO pavement design manual was published in 1961 and revised in 1972 and 1981. Again, during the years 1984 and 1985, a committee, consisting of AASHTO experts and some consultant engineers, revised it under NCHRP 20-7/24 Project and, after some modifications, presented the 1986 AASHTO pavement design manual [2] . Then in 1993 the method was revised again and led to the publication of the 1993 version of the manual. Equations proposed in AASHTO 1993 have some significant limitations, because these equations were developed for the specific conditions of the AASHO Road Test. These limitations are as follows.
(i) The equations are only valid in case of the specific pavement materials and roadbed soil of the AASHO Road Test. (ii) The equations are only valid in case of environmental conditions at the AASHO Road Test. (iii) The developed equations are based on a two-year testing period rather than a long period. Therefore, it is difficult to extrapolate environmental factors to a longer period. (iv) The traffic was about one million equivalent single axle load (ESAL) and tires inflated to 70 psi.
Despite all the abovementioned limitations, Iran Highway Asphalt Paving Code Number 234 has been proposed for design of flexible pavements in all conditions [15] . Also, due to the lack of information about life-cycle cost parameters in Iran, life cycle analysis has not been considered in Iran Highway Asphalt Paving Code Number 234 and design of flexible pavements is commonly fulfilled by considering construction costs only.
Researchers proposed different models and approaches for optimum design of flexible pavement structures. Rouphail proposed a mixed-integer programming model to identify the number, type, and thicknesses of paving materials required to meet the structural strength requirements of the pavement system at a minimum initial cost [16] . Nicholls presented an optimization program supplement to the DNPS86 pavement design computer program to produce a minimumcost combination of pavement layer thicknesses. This method enables the obtaining of the least cost design for flexible and rigid pavements without manual iteration [17] . Mamlouk et al. developed a project-level optimization approach to minimize total pavement cost within an analysis period [18] . This approach enables the designer to select the optimum initial pavement thickness, overlay thickness, and overlay timing. The developed model combined the AASHTO design procedure and the mechanistic multilayer elastic solution. Mu-yu and Shao-yi proposed an optimization model for design of flexible pavements based on fatigue and rutting performance [19] . They used genetic algorithms (GAs) to solve the optimization model. Abaza and Abu-Eisheh represented an optimum approach for the design of flexible pavements based on AASHTO method which utilized the anticipated performance of pavement and its life-cycle cost. They showed that pavements should be designed for higher terminal serviceability index values than currently recommended [20] . Ouyang and Madanat presented a mixed-integer nonlinear programming for optimal highway pavement rehabilitation planning which minimizes the life-cycle cost during design period [21] . Fakhri and Ghanizadeh developed an optimization model to determine the optimum structure and thickness of pavement layers, based on the AASHTO method [22] . The proposed model, in the form of a linear programming model, could determine the optimum configuration of pavement layers as well as optimum thickness of pavement layers. It could only consider the optimum structure of pavements consisting of asphalt, granular base, and granular subbase layers. Proposed model did not consider the treated base layers in pavement structure. Also, by employing this model, thickness of layers was determined as real numbers not integer numbers which should be revised for application in construction stage. Sanchez-Silva et al. present a model for reliability cost-based optimization of asphalt pavement structures based on both economic and operation considerations [23] . The proposed model considered the fatigue damage caused on the asphalt surface and the degradation of granular materials caused by repetitive loading cycles. They showed that the reliability based design optimization combined with a long-term maintenance policy of pavements produces appropriate integral designs. Rajbongshi and Das presented a simple methodology to assist a pavement designer in selecting an optimal pavement design thickness which is cost effective yet does not compromise the reliability of the pavement design [24] . They developed pavement design charts as an illustrative example to explain how the proposed methodology can be considered as an improvement over the deterministic design. Santos and Ferreira proposed a pavement design optimization model, called OPTIPAV, which considers pavement performance, construction costs, maintenance and rehabilitation costs, user costs, the residual value of the pavement at the end of the project analysis period, and preventive maintenance and rehabilitation interventions [25] .
In this paper, an optimization model was proposed to determine the optimum structure of pavement as well as the thickness of each layer, based on minimizing the initial construction cost of pavement. Also several charts were developed to determine the optimum thickness of pavement layers with respect to road classification, design traffic, and strength of subgrade soil. The proposed optimization method in this research considers stabilized layers in optimization model. Also optimization problem was modeled as an integer programming model.
Pavement Design Using IHAP Code 234
Equation (1) 
Advances in Civil Engineering 3 is standard normal deviate, 0 is combined standard error of traffic prediction and performance prediction, ΔPSI is difference between initial design serviceability index ( 0 ) and terminal design serviceability index ( ), and is resilient modulus (kg/cm 2 ). In this equation all the parameters are known except the pavement structural number (SN). So, it is possible to find the value of SN by solving (1) using iteration method. It can also be solved with the help of existing graphs.
Design parameters dictated by IHAP Code 234 for design of flexible pavements for different class of roads are given in Table 1 .
After finding SN, it is possible to find the thickness of each layer by converting SN to real thickness of the constituent layers. The thickness of each layer should be found so that the following equation can be totally satisfied:
where is th layer drainage coefficient. is th layer coefficient. is th layer thickness (cm).
The layer coefficient for an asphalt concrete layer with resilient modulus of 31500 kg/cm 2 can be assumed as 0.44. Equations (3) and (4) can be used for determination of the layer coefficients for granular base and granular subbase layers, respectively,
where GB is the resilient modulus of granular base layer and GSB is the resilient modulus of granular subbase layer in kg/cm 2 . In this study, the following regression equations were developed to determine the layer coefficient and resilient modulus of different layers based on charts presented in IHAP Code 234 and AASHTO 1993.
Asphalt concrete is as follows:
Asphalt treated base is as follows:
Cement treated base is as follows:
Granular base is as follows:
Granular subbase is as follows:
Subgrade soil is as follows:
where denotes resilient modulus in kg/cm 2 , Marshal denotes marshal stability of asphalt mix materials in kg, denotes layer coefficient, and CS denotes 7 days compressive strength (kg/cm 2 ) of cement treated materials. In case of all developed equations, the coefficient of determination ( 2 ) was more than 0.98.
Not only should (2) be satisfied but also the thickness of each layer should be such that the total compressive stress, applied on lower layers, be reduced to the tolerable stress of these layers. To this end, the following equations should be satisfied
In these equations, SN 1 , SN 2 , and SN 3 are the structural number of granular base, granular subbase, and subgrade layers, respectively. Their values are found from (1) with the only difference that instead of resilient modulus of subgrade soil, resilient modulus of granular base is used to find SN 1 and resilient modulus of granular subbase is used to find SN 2 . Also, the thickness of asphalt concrete layer and granular base layer should not be taken less than those given in Table 2 , considering the construction thickness. For the granular subbase layer, the minimum thickness should be considered as 15 cm. 
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Optimal Design of Flexible Pavements Based on IHAP Code 234
Considering a six-layer pavement system as shown in Figure 1 , the integer programming model to find the optimum structural configuration as well as optimum thickness of each layer can be written as follows.
Objective Function. Consider
Constraints
Van Tile Constraints. Consider
Decision Variables. Consider
Consider the following:
is construction cost of one square meter of pavement;
AC is thickness of asphalt concrete layer (cm);
ATB is thickness of asphalt treated base layer (cm);
CTB is thickness of cement treated base layer (cm);
GB is thickness of granular base layer (cm);
GSB is thickness of granular subbase layer (cm);
TC is quantity of tack coat for bounding asphalt concrete layer to asphalt treated base layer (kg/m 2 );
AC is layer coefficient of asphalt concrete material;
ATB is layer coefficient of asphalt treated base material;
CTB is layer coefficient of cement treated base material;
GB is layer coefficient of asphalt granular base material;
GSB is layer coefficient of granular subbase material;
AC is construction cost of one square meter of asphalt concrete material having a thickness of 1 cm;
ATB is construction cost of one square meter of asphalt treated base material having a thickness of 1 cm thickness;
CTB is construction cost of one cubic meter of cement treated base material;
GB is construction cost of one cubic meter of granular base material;
GSB is construction cost of one cubic meter of granular subbase material;
TC is construction cost of one kilogram of tack coat material;
ATB is variable indicating the presence or absence of the asphalt treated base layer in the optimal structure of the pavement; ATB = 1 means the presence and ATB = 0 means the absence of the asphalt treated base layer; Advances in Civil Engineering 5 CTB is variable indicating the presence or absence of the cement treated base layer in the optimal structure of the pavement; CTB = 1 means the presence and CTB = 0 means the absence of the asphalt treated base layer;
GB is variable indicating the presence or absence of the granular base layer in the optimal structure of the pavement; GB = 1 means the presence and GB = 0 means the absence of the granular base layer;
GSB is variable indicating the presence or absence of the granular subbase layer in the optimal structure of the pavement; GSB = 1 means the presence and Constraints (13) to (15) are related to maximum allowable compressive stress on granular base, granular subbase, and subgrade layers, respectively. Constraints (16) to (20) represent the constraints for the minimum construction thickness of different layers.
According to Figure 1 , if an asphalt treated base layer is used in the pavement structure, application of an additional tack coating becomes necessary; presence of ATB ⋅ TC ⋅ TC term in the objective function reflects the additional cost in this case.
Solving the Optimization Model
A careful study of the model shows that the presence of some terms such as ⋅ obtained from the multiplication of two unknown decision variables converts the optimization model to a nonlinear optimization model. In fact some terms in the objective function and constraints are in the form of product of two unknown decision variables (the thickness of the layer multiplied by the variable indicating the presence or absence of layer).
It is obvious that the value of variables ( ) can only be equal to zero or one. So, in order to convert this nonlinear model to a linear model, once the value of the variable ( ) is assumed to be equal to zero (the obscene of the desired layer in optimal configuration of pavement) and once the value of the variable ( ) is assumed to be equal to one (the presence of the desired layer in optimal configuration of pavement) and in each case, the objective function and constraints are written and the resulting integer programming model is solved. Then it is possible to find the optimum configuration Table 3 : Different alternatives for pavement structure.
Structure number
Layers in pavement structure HMA ATB CTB Granular base Granular subbase
as well as thicknesses of pavement by comparison between the construction cost of different alternatives. In fact, four layers including asphalt treated base (ATB), cement treated base (CTB), granular base, and granular subbase can be considered or not considered in the pavement structure and by combination of these alternatives, total of 16 alternatives for structural configuration of pavement is achieved. Possible structures for pavement are shown in Table 3 . According to this method, the integer programming model is written and solved for each possible case of pavement configuration (total of 16 pavement configurations) and finally optimal configuration of pavement structure as well as the optimal thickness of each layer will be determined based on the minimum cost among 16 alternatives.
Developing Design Charts
In order to develop pavement design charts for different classes of road, including freeways and expressways, major roads, and secondary roads with respect to the current price of pavement materials in Iran, the proposed optimization model was solved by assuming different levels of design traffic and strengths of subgrade soil. Design parameters and price of pavement materials for developing design charts are given in Tables 4 and 5 , respectively. Application of CTB layer is not common in practice in Iran and no specific cost has been provided for construction of this material in "Basic Price List for Road, Runway and Railway." For this reason, CTB layer was excluded for developing design charts ( CTB = 0).
For developing design charts, the resilient modulus of subgrade soil was assumed between 200 and 1000 kg/cm Asphalt concrete thickness (cm) Also, the number of equivalent single axle loads (ESALs) or 8.2 was assumed as 10 5 , 5 × 10 5 , 10 6 , 3 × 10 6 , 6 × 10 6 , and 10 7 which can reflect light to heavy traffic. The results of determining the optimum thickness of each layer of pavement, with respect to the road classification are shown in Figures 2-10 . In all cases, the thickness of asphalt treated layer is equal to zero, which indicates the fact that, in the current situation (material prices based on "Basic Price List for Road, Runway and Railway" in 2015), use of asphalt treated base layer in pavement structure is not cost effective. Also, with increasing the strength of subgrade soil, the granular subbase layer may be removed from the optimum structure of pavement. The possibility of removing the granular subbase layer increases by decreasing design traffic and increasing subgrade strength. For example in case of major roads with an ESALs of 1 × 10 6 and 10 7 , when resilient modulus of subgrade exceeds 500 and 700 kg/cm 2 , respectively, the granular subbase layer is removed from the optimum structure of pavement.
According to road classification, design traffic, and resilient modulus of subgrade, Figures 2-10 can be used to determine the optimum thickness of pavement layers including asphalt concrete, granular base, and granular subbase. 
Conclusion
In this paper an optimization model was proposed to determine the optimal configuration as well as the optimum thickness of each layer of pavement structure based on the Iran Highway Asphalt Paving Code 234. By utilizing the proposed optimization model and according to the "Basic Price List for Road, Runway and Railway" of Iran in 2015, the optimum thickness of pavement layers for secondary rural roads, major rural roads, and freeways were determined and then design charts were developed. Developed charts help designers to determine the optimum thickness of pavement layers including asphalt concrete, granular base, and granular subbase with respect to road classification, design traffic, and resilient modulus of subgrade. This study showed that in the current situation (material prices in 2015), use of asphalt treated layer in pavement structure is not cost effective. Also it was shown that, with increasing the strength of subgrade soil, the granular subbase layer may be removed from the optimum structure of pavement.
